Abstract: This paper deals with three important stages which affect the quality of plasma-sprayed coatings: particle trajectories and their time variation due to plasma jet fluctuations; particle evaporation; and splat formation and cooling which are controlled mainly by splat thickness and the quality of the bonding with the underlying surface.
INTRODUCTION
Plasma spray deposition is a versatile technology that offers a reliable cost-effective solution for many industrial problems. It allows the spraying of a wide range of materials kom superalloys and refractory intermetallic compounds to ceramics. This technology encompasses also the manufacture of net shapes which can be used directly as engineered materials. However the distinctive microstructure of plasma-sprayed coatings which consist of many layers of thin lamellas parallel to the substrate surface with possible inclusions of pores, unmelted particles and crack network can curb their use. The control of this microstructure is linked to the injection conditions of the powders, the natural fluctuations of the plasma jet in both time and space modes, and the flattening and freezing ofthe particles impinging on the substrate. This paper discusses the basic phenomena which affect coating formation and may explain the inhomogeneity of its morphology as well as the deposition efficiency. The first part refers to the conditions of injection of the powder and the resulting distribution of trajectories which are linked to the plasma jet fluctuations. The second part examines the behavior of particles in flight and specially their evaporation. The last part relates the interactions between particles and the underlying layer. Examples of experimental results achieved at this laboratory, illustrate the various sections. 
INJECTION OF THE POWDER AND THE RESULTING DISTRIBUTION OF T W C T O R I E S IN THE PLASMA JET
In plasma spraying, the powder is commonly injected close to the nozzle exit. The momentum of a particle and the plasma jet fluctuations at the time of injection, condition the trajectory of the particle in the plasma jet and therefore its treatment. Plasma jet fluctuations originate in the continual change of location of the arc root attachment point at a frequency ranging between 12 and 20 kHz for commercial plasma spray torches The arc root "restrike" mode at the anode wall gives rise to plasma puffs so that the plasma flow is a heterogeneous medium made up of successive puffs of hot gas surrounded by colder flow (1) . This results in voltage fluctuations (up to 30%) and variation of the rate of electric power dissipation in the plasma jet. Moreover, when the plasma jet exits the nozzle, it expands by entraining the surrounding fluid. This entrainment process is mainly governed by the large density and velocity differences between the plasma flow and the ambient atmosphere. Large-scale eddies resulting in the engulfment of cold gas bubbles extend from the outer edge of the shear layer toward the centerline of the jet in which they are broken down into smaller eddies and mixed with the flow when they are sufficiently heated (2). In case of air environment, this may result in particle oxidation.
In the first few millimeters after the injection point, particles of 5 and 70 pm go through 1 to 5 plasma puffs respectively. Therefore they may experience a different environment and their trajectories may fluctuate. This phenomenon is more marked for the smaller particles. Further downstream in the plasma jet, the trajectory of the large particles is generally unaffected by the turbulence of the plasma flow while smaller, less massive particles follow effectively the fluid motion and may be entrained in an eddy. However, heating and acceleration of the large particles depend on the successive hot and colder gas zones they traverse (3) . This contributes to the rather large distribution of particle velocity and temperature which can be observed at a given point of the plasma jet or upon impact on the substrate. The injection and the trajectories of particles in a DC plasma jet were investigated at this laboratory using a 2-D imaging technique. The measuring system consisted of a planar laser sheet generated by an oscillating mirror and a linear diode array detection system (4). Figure 2 shows examples of light signal emitted and scattered by zirconia particles (5 -45 pm) as they crossed the laser sheet. These signals were randomly acquired over 13-ms intervals at a distance of 45 mm from the injection point. The differences between both signals may be attributed to the natural fluctuations of the plasma jet but also to the irregularity of the powder feed rate. The two smaller peaks which occur at a radius of about 12 mm from the jet centerline arise mainly from small particles which, at the injection point, do not have enough momentum to penetrate the plasma jet and are therefore carried around the jet envelope.
Computations and experiments (4) have indeed shown that inside the injection tube the finer particles have a tendency to tilt toward the injector wall due to turbulent dispersion. This results in a low velocity at the injector exit. These cold particles may be entrained by the gas flow further downstream and thus become embedded in the coating where they may create defects. Measurements of the spatial distribution of particle flux density and particle velocity and temperature were obtained by using a system consisting of a high-speed two-color pyrometer and a laser doppler velocimeter (5). They show that powders have a tendency to segregate in the plasma jet according to their size, as illustrated in Fig. 3 .
However, the segregation is much less than that predicted by models which do not account for distributions of injection velocity (6) . The median trajectory, that is the trajectory followed by the highest number of particles is at an angle of about 3 -5 O with the jet centerline. The widest angle is, of course, observed for the trajectories of the largest particles, Generally these particles reach a lower temperature than the smaller particles which have a lower thermal inertia and travel closer to the jet centerline and thus experience higher gas temperature. Radial distribution of temperature of three particle sizes at 80 mm from the nozzle exit. alumina particles for two particle sizes at 80 mm from the nozzle exit.
EVAPORATION OF PARTICLES IN FLIGHT
The production of dense high-strength coatings requires that the particles traverse the hottest region in the plasma jet to complete the melting process and reach high velocity. The relatively broad range of particle sizes, and the dispersion of particle trajectories in the plasma jet result in various particle timetemperature histories; the following stages take place: heating of the solid phase, melting, heating of the liquid phase and partial or total evaporation. These steps can be considered as sequential for materials with high thermal conductivity (1060 W/m.K) such as metals and alloys.. The rate of heat transfer through the boundary layer is proportional to the surface area of the particle while the amount of material to be heated is proportional to its volume. Therefore the duration of each of these four stages is proportional to the particle diameter. 
I
As the working conditions of the plasma torch are generally set for the average size of the particle size range, the smaller particles, which have penetrated in the flow, may evaporate after a few millimeters of travelling. The mixing of the vapor with the plasma gas can alter the heating of other particles and the evaporation lowers the deposition efficiency.
The study of particle vaporization by emision spectroscopy (7) is on line with the values shown in Table 1 . It shows that the evaporation of alumina and tungsten particles is lower than that of iron particles except for fine particles (<I0 pm).
A simplified model of the spray process has been developed to predict the total mass fraction of powder vaporized under usual spray conditions. This model takes into account the distribution of particle size and their time-temperature history according to their size: particle temperature and residence time have been determined from experimental results obtained with a laser doppler velocimeter connected to a high-speed pyrometer (5 ).
The maximum rate of vaporization per unit area of a liquid surface was calculated from the Langmuir equation which predicts the maximum rate of vaporization under vacuum (8):
where P is the vapor pressure of material at absolute temperature T, M the P Nmax = JZEG molecular weight of material and R the universal gas constant. 
Particles of size below 10 pm and which have penetrated the plasma jet, are totally vaporized. The calculated fraction of vaporized mass is about 15 % for a 30-pm iron particle and 1% for a 60-pm particle, as shown in Fig. 5 (curve 1 For different spraying conditions (e.g. with an increase of arc current), the temperature of the largest particles can reach 2600 K. In that case, the vaporization rate was about 50% for a 30-pm particle and 10% for a 60-pm particle (curve 2).
Taking into account the distribution by weight of the original powder and the time -temperature history of particles according to their size, resulted in a total mass account of vaporized material of 17%. The main results of the model are summarized in Fig. 6 , which shows the powder distribution before and after plasma spraying. When the temperature of the largest particles was as high as 2600 K, the computed total amount of vaporized mass was equal to 40% .
The concentration of metallic atoms produced by particle vaporization was measured by absorption spectroscopy (7). This technique made it possible to determine the atom and ion populations of ground and metatable states. The experimental setup included a hollow cathod lamp (made of the same metal as the metallic element of the vapor) which was focused into the plasma flow. The image of the focal point was then formed on the entrance slit of a monochromator. The signal was analysed by a lock-inamplifier connected with a chopper. Figure 7 shows the concentration of iron atoms at the substrate stand off distance (100 mm) for three particle size ranges : 14-55 , 80-100 and 125-160 prn and at powder feed rate of 50 g/h.
The summation of iron atoms for particles ranging between 14 and 55 pm, in a plasma jet slice 1-mm thick, gives a total amount of vaporized mass of 15%. This result is in fair agreement with the value predicted by the simplified model mentioned above.
Measurements show also that the presence of oxygen in the atmosphere around a metal droplet may affect its rate of vaporization. The vapor molecules must diffuse through the boundary layer surrounding the molten sphere. In an inert gas, the metal vapor pressure around the sphere builds up and the rate of vaporization decreases while in air the countercurrent molar flux of metal vapor and oxygen react and that homogeneous oxidation reaction consumes the metal vapor, thereby increasing the rate of vaporization from the droplet surface. Figure 8 compares the observed radial profiles of the density of iron atoms produced by vaporization of iron particles injected in a argon -hydrogen plasma jet issuing either in air or argon atmosphere. The density of iron atoms is two orders of magnitude higher when the surrounding gas is air, despite a lower gas flow temperature. 
IMPACT AND SOLIDIFICATION OF PARTICLES
The microstructure of the coating and thus its physical properties are mainly determined by the flattening and solidification of particles impinging on the substrate. These processes are highly related to plasma-particle interactions which condition the velocity, size and molten state of particles upon impact. They depend also on the surface topography of the substrate, its temperature and its reactivity. Additional parameters peculiar to the process such as the relative gun-to-substrate motion, and substrate time-temperature history, will also affect particle-substrate interactions. The flattening of the droplets on the surface determines the shape and the thickness of the resulting splat, and the degree of bonding between splats or between splats and substrate. The presence of oxide layers on the droplets and/or the substrate surface, also affect the particle -underlying surface bonding.
An investigation of particle impact using a high-speed pyrometer (1 I), has shown that the duration of the spreading of the droplet on the surface is less than 1 -3 ps for metal or ceramic particles. It depends mainly on the kinetic energy of the particle; the viscous effects are dominant during the spreading of the droplet while the surface tension effect, including the contact angle, could become important at the final stage deformation.
As confirmed by different numerical simulations (12, 13), the reduced flattening time T (T=t.V/d where t is the flattening time, V and d the particle velocity and diameter respectively on impact) can be expressed in terms of a Reynolds number calculated from the particle parameters upon impact:
Measurements have also shown that the substrate roughness has a pronounced influence on the flattening time : the latter tends to decrease with the substrate roughness which limits the flowing of the liquid parallel to the surface. The flattening degree, defined as the ratio of the splat diameter to the droplet diameter, shows also a dependence on the particle parameters on impact and on the substrate roughness ( Figure 10 ).
where A is a constant.
There was no significant change in the duration of the flattening process when the substrate temperature was increased from room temperature up to 500 K. However, measurements have shown that the substrate temperature and its surface topography have a drastic influence on the splat shape. Ceramic particles (ZrO2,Al203) sprayed onto smooth steel substrates whose temperature was higher than 200°C exhibited a lenticular shape across the spray cone and had a high bonding with the substrate, provided that the latter was not oxidized. For lower substrate temperatures, splats had distorted shapes. An increase in substrate roughness was also found to increase the splashing of molten material on impact and resulted in star-shape splats with a very irregular thickness, especially for cold substrates. The quality of the contact between the splat and the substrate can be modeled by an interface thermal contact resistance. Com arisons between experimental and computed thermo rams K W-1 for a contact ofgfpoortl quality.
result in a resistance of about 10-7-10-8 m 5 K W-1 for a contact of "good" quality and 10-5-10-8 m2 CONCLUSION In plasma spraying, fluctuations in the rate of electric energy dissipation in the plasma jet, and rapid entrainment of surrounding gas affect the particle trajectories. This result in different trajectories for particles of different sizes and even particles of the same size. Fine particles have difficulty to penetrate in the plasma jet due to their relatively low momentum at the injector exit. They may be entrained by the plasma flow hrther downstream and thus act on the coating quality. The median trajectory followed by the hottest particles is, in general, at an angle of 3-5" with the jet centerline.
The rate of evaporation of molten particles in the plasma cone which depends on the temperature they attain, is the highest along that median trajectory. Calculations of the vaporization of iron particles of 5-80 pm showed that the mass fraction vaporized amounted to 15% for a 30-pm particle and 1 % for a 60-pm particle. For a normal particle distribution, the overall mass fraction vaporized was about 17 %. This number was in good agreement with actual measurements of iron particle vaporization carried out by absorption spectroscopy : the summation of iron atoms for particles ranging between 14 and 55 pm in a 1-mm slice of the actual plasma jet resulted in a total fraction of vaporized metal of 15 %.
The loss of powder at the injection point and the evaporation of particles in the plasma jet are important causes in the lowering of deposit efficiency. Moreover, the particles which have not penetrated in the plasma jet and the vapor cloud around particles may create defects in the coating. Upon impact on the substrate, splat formation depends on the parameters of impinging particles and on the topography, temperature and reactivity of the underlying surface. The cooling rate of the splats is mainly controlled by the quality of the contact with the substrate and the thickness of the splats. It can be as high as lo8 K/s for the first microseconds following the impact.
